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Somatic growth is associated with alterations in myocardial me-
chanics in children with heart disease and in most animal models
of congenital heart disease. However, the effect of age and body
size on myocardial contractility and loading conditions in normal
infants and children is not known. Therefore, 256 normal children
aged 7 days to 19 years (34% <3 years old) were evaluated with
noninvasive indexes of left ventricular contractility and loading
conditions. Two-dimensional and M-mode echocardiographic re-
cordings of the left ventricle were obtained with a phonocardio-
gram, indirect pulse tracing and blood pressure recordings. Left
ventricular dimensions, wall thickness and pressure measure-
ments obtained from these data were used to calculate peak and
end-systolic circumferential and meridional wall stress and mean
and integrated meridional wall stress. Velocity of shortening
adjusted for heart rate was compared with end-systolic stress to
assess contractility independently of loading status. The subjects
were stratified for gender and each of the derived variables was
related to age and body surface area.
Ventricular shape, assessed as the major/minor axis ratio, and
Age- and growth-related changes in myocardial properties
have been documented in a number of species. The contrac-
tile protein complex is developmentally regulated with spe-
cies-dependent change in the predominant myosin heavy
chain isoform expressed (1-5). Because myocardial contrac-
tility is closely related to the distribution of myosin heavy
chain isoforms, contractility is developmentally regulated in
these species. The ability of the heart to remodel in response
to altered load is also age dependent. Neonatal rat myocar-
dium retains transiently the capacity for cytokinesis, mitosis
and deoxyribonucleic acid (DNA) synthesis, capabilities that
are subsequently lost (6-10). Whether larger mammals also
normally experience a postnatal increase in the number of
myocardial cells is controversial, although there is circum-
stantial evidence to support this hypothesis (7,11). The
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the circumferential/meridional stress ratio were found to be
invariant with growth. The ratio of posterior wall thickness to
minor axis dimension did not change with age, despite the normal
age-related increase in blood pressure. The increase in pressure
despite unvarying ventricular shape and wall thickness/dimension
ratio resulted in a substantial increase in wall stress that was most
dramatic during the first few years of life. In association with the
increase in afterload, systolic function decreased with age. How-
ever, the age-related decrease in the velocity of shortening was
greater than that expected from the increase in afterload alone,
indicating a higher level of contractility in infants and children
during the first years of life than in older subjects.
The process of normal growth and development, similar to that
in children with heart disease, is associated with a rapid decrease
in the trophic response to hemodynamic loads, resulting in an
age-associated increase in wall stress. There is a similar but
somewhat more rapid decrease in contractility, with the highest
values seen in the youngest patients.
(J Am Coil CardioI1992j19:619-29)
ability of the myocardium of older animals to respond to
pressure and volume overload is impaired in comparison
with that in young animals (12), probably because of an
age-related decrease in hypertrophic capacity (13). For a
number of species, there is evidence of substantial variation
in myocardial contractility during growth, development and
aging (14-17).
There is relatively little information regarding develop-
mental modulation of myocardial contractile and trophic
responses in humans. Overall systolic function assessed by
fractional fiber shortening has been reported to be invariate
with age (18-20), but most studies have included few (18) or
no (19,20) subjects <2 years of age, the time period during
which the maximal rate of change would be anticipated. A
progressive decrease in the mean velocity of myocardial
fiber shortening has been noted with age (20), but this index
is dependent on heart rate, which also varies with age. Both
of these ejection indexes of systolic function are highly load
dependent, and few studies (18,19) have attempted to adjust
for the effects of load on systolic function during normal
growth and development. In children with heart disease the
myocardial hypertrophic response is greater than the re-
sponse of the adult myocardium to an equivalent stimulus
0735-1097/92/$5.00
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(21,22); however, there are few data on this response in
normal children.
The operant hypothesis in this study is that the human
myocardium manifests growth- and age-dependent alter-
ations in contractile state and trophic capacity similar to
those previously observed in animals. These issues were
examined by using noninvasive methods to quantify left
ventricular systolic mechanical properties, including loading
conditions and contractile state, and their respective effects
on systolic function determined as fractional fiber shortening
and velocity of fiber shortening (23-28). Because changes
were expected to be small and to occur most rapidly in the
first few months of life, the study group comprised a large
number of normal children with the age distribution inten-
tionally skewed toward the 1st 2 years of life.
Methods
Study subjects. The study group consisted of 256 children
and adolescents aged 7 days to 19 years; 134 were male and
122 female. All subjects either were referred to the noninva-
sive laboratory at Boston Children's Hospital for evaluation
during the years 1986 through 1990 or were enlisted as
normal volunteers for a Human Investigation Committee-
approved research project (original date of approval June
1985). Sixty-five subjects were volunteers; the other subjects
were referred for screening for mitral valve prolapse (n = 76)
or bicuspid aortic valve (n = 22) or because they had a
murmur (n = 62) or an enlarged cardiothymic silhouette on
chest radiography (n = 31). The criteria by which subjects
were judged to be normal were 1) no evidence of structural
cardiovascular disease on the two-dimensional echocardio-
gram; 2) no known history of other systemic disease, past or
present, based on review of medical records; 3) height and
weight percentile within the normal range for age and weight
percentile within 25% of the height percentile; and 4) normal
blood pressure for age (29).
Data collection. Data were collected using previously
described methods (25,30-35). Sedation with 50 to 100 mg/kg
ofchloral hydrate was used as needed in patients <3 years of
age. Complete Doppler and two-dimensional echocardio-
graphic evaluations were performed in all subjects with use
of a Hewlett-Packard 77020 Cardiac Imager equipped with a
transducer appropriate for patient size and body habitus.
Standard short- and long-axis views of the left ventricle were
recorded to assess regional wall motion. In addition, high
speed (l00 mm/s) hard copy two-dimensional echocardio-
graphic M-mode recordings of the left ventricle minor axis
were obtained simultaneously with the electrocardiogram
(ECG), phonocardiogram, indirect carotid or axillary artery
pulse tracing and peripheral blood pressure. Systolic and
diastolic blood pressures were obtained as the average of
three to six recordings using a Dinamap 845 Vital Signs
Monitor (Criticon, Inc.).
Data Analysis
Calculation of left ventricular dimensions, wall thickness
and wall stress. The indirect arterial pulse tracing as well as
the left ventricular echocardiogram including the endocar-
dial border of the septum and the endocardial and epicardial
borders of the left ventricular posterior wall were hand-
digitized with use of a microcomputer-based digitizing sta-
tion with custom software. This system is programmed to
adjust the tablet sampling rate to 200 Hz, which is adequate
to obtain 2:50 nonaliased harmonics at heart rates <120
beats/min. After data input, the pulse transmission delay was
corrected by electronically aligning the dicrotic notch of the
pulse tracing with the first high frequency component of the
aortic valve closure sound on the phonocardiogram.
From the digitized data, the following instantaneous
measurements were obtained by averaging three to six
cardiac cycles: 1) pressure during left ventricular ejection,
calculated by assignment of diastolic pressure to the mini-
mum and systolic pressure to the maximum of the pulse
tracing and calculation of intervening values by linear inter-
polation; this method has been previously verified against an
intraarterial standard in our laboratory (31,32); 2) left ven-
tricular internal diameter; 3) left ventricular posterior wall
thickness; and 4) left ventricular meridional wall stress
(WSM) in g/cm
2, calculated throughout ejection according to:
(P) (D) (1.35)
WSM = -(h-)[-\-+-(-hlD-)-](-4)'
where P is pressure in mm Hg, D is dimension in em, h is the
posterior wall thickness in cm and 1.35 is the conversion
factor from mm Hg to g/cm2 (36).
From the continuous data, end-diastolic values for short-
axis dimension and wall thickness were taken at the time of
maximal left ventricular dimension, end-systolic values for
short-axis dimension, wall thickness, blood pressure and
meridional wall stress were determined at the time of aortic
valve closure. Meridional peak systolic stress was taken as
the maximal value for meridional wall stress; mean ejection
meridional stress was calculated as the average meridional
stress during the ejection period and total ejection stress was
calculated as meridional stress integrated over the ejection
period. Total ejection stress developed per minute (total
minute stress) was calculated as total ejection stress multi-
plied by heart rate in beats/min. Left ventricular ejection
time was measured from the pulse tracing and adjusted to a
heart rate of 60 beats/min by dividing by the square root of
the RR interval on the ECG. The left ventricular percent
fractional shortening was calculated with use of short-axis
dimensions as (end-diastolic dimension - end-systolic di-
mension)/end-diastolic dimension. The rate-adjusted mean
velocity of shortening was calculated as fractional shorten-
ing divided by rate-adjusted ejection time.
In patients in whom adequate echocardiographic record-
ings were obtained for visualization of the endocardium at
the left ventricular apex (available in 172 subjects, 67% of
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Figure 1. Age distribution of the 256 subjects who formed the study
group, expressed as the number of subjects in each age category.
the total), two-dimensional echocardiographic measure-
ments of the long-axis dimension of the left ventricle were
obtained from apical four-chamber two-dimensional echo-
cardiographic images. The end-diastolic frame was taken as
the first frame after mitral valve closure and the end-systolic
frame was taken as the frame immediately preceding mitral
valve opening. The long-axis dimension was measured from
the apical endocardium to the plane of the mitral valve
anulus on end-diastolic and end-systolic frames. Circumfer-
ential wall stress (WSd in g/cm2 was then calculated at
end-systole and peak systole from the long-axis dimension
(L) in cm, short-axis dimension (D) in cm, pressure (P) in
mm Hg and wall thickness (h) in cm according to the formula
of Mirsky (37):
WSc = [(P) (0) (1.35)] [I _ (0) (0/L)2].
(h) (20 + h)
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Circumferential peak systolic wall stress was calculated
from the pressure, thickness and short-axis dimension ob-
tained at the time of peak systolic meridional stress, and the
long-axis dimension was measured from the end-diastolic
frame on the two-dimensional echocardiogram. The use of
end-diastolic long-axis dimension to estimate the dimension
at the time of peak systolic stress is based on the rapid
increase in wall stress in early systole and the occurrence of
peak wall stress before a significant change in ventricular
volume (23,31,32,36).
Echocardiography: stress-velocity and stress-shortening in-
dexes. The relation between rate-adjusted mean velocity of
shortening and end-systolic meridional stress (the stress-
velocity index) has been shown to be an afterload-adjusted
preload-independent index of contractility whether obtained
as a global (30) or a regional (38) index. The relation is
inversely linear and in normal adults the slope of the relation
for anyone person is parallel to the slope of the relation for
the total study group. The value of the stress-velocity index
for each patient was determined relative to the previously
published (30) distribution of this index in normal subjects
aged 4 to 40 years and calculated as a normal deviate (Z
score), where the stress-velocity index = (XI - p.)/(T, XI =
measured rate-adjusted mean velocity of shortening, p. = the
group mean rate-adjusted mean velocity of shortening for the
measured end-systolic meridional stress and (T = the stan-
dard error of the regression for the group stress-velocity
index at that level of end-systolic meridional stress (26). In
contrast, the relation of fractional shortening to end-systolic
meridional stress (the stress-shortening index) is an after-
load-adjusted index of contractility that is sensitive to alter-
ations in preload (24,25,30). The stress-shortening index is
correspondingly quantified as the normal deviate of the
fractional shortening for the given end-systolic meridional
stress, obtained in a manner analogous to that described for
the stress-velocity index.
Statistical analysis. Linear and nonlinear regression anal-
yses were used to examine the relation of gender, age and
body surface area to the measured and derived echocardio-
graphic variables and to the interrelations among the derived
variables. The analyses used several linear and nonlinear
models, including quadratic polynomial, exponential and
power function equations. For each regression, the F test
was applied to the quadratic term of the polynomial equation
to determine if there was a significant deviation from linear-
ity (39). For those regressions that were significantly nonlin-
ear, two three-parameter models were selected for compar-
ison based on the preliminary curve fits, theoretic
considerations and prior published results (40). For all
relations, power function equations of the form Y = aXb +
c were examined. For those relations where Y increased as
a function of X, an exponential growth model of the form
Y = a(ebX) + c was compared with the power function
regression, whereas an exponential decay model of the form
Y = a(e-bX) + c was compared for those relations for which
Y decreased as a function of X. Nonlinear curve fits were
calculated by using the Levenberg-Marquardt nonlinear
least-squares method (41), with initial parameter estimates
based on a least-squares linear curve fit and an iterative
termination criterion of 0.0 I. The potential effects of chloral
hydrate on the relations between variables was examined by
calculating the slopes and elevations of the linear regressions
for each of the parameters in the subjects <3 years of age
who received chloral hydrate versus those <3 years of age
who did not and determining if there was any significant
difference between the slopes or intercepts, or both, for the
two regressions (42). The effect on the nonlinear regressions
was not examined because there was no significant deviation
from linearity over this restricted range for the independent
variables (age and body surface area).
Results
The age distribution of the 256 study subjects is depicted
in Figure I. A total of 88 patients (34%) were <3 years of
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age; 57 of these were evaluated after administration of
chloral hydrate and 32 were evaluated without sedation.
Blood pressure. The correlations of peak systolic, dias-
tolic, end-systolic and mean blood pressure with body sur-
face area and their respective correlations with age did not
differ significantly; both relations demonstrated a significant
increase. Blood pressure was normal for all subjects, re-
flecting the use of absence of hypertension as a criterion for
inclusion in the study. Values for female subjects tended to
be slightly lower than for male subjects> 10 years of age, but
the differences were not statistically significant. The admin-
istration of chloral hydrate had no apparent effect on the
relation of any of the four blood pressure variables to age
with regard to either the slope or the elevation of the
regression.
Ventricular dimensions and wall thickness. The age-
related changes in short-axis and long-axis end-diastolic
dimension were very similar, resulting in a close correlation
between long- and short-axis dimension (short-axis dimen-
sion = 0.58 [long-axis dimension] + 0.44; r = 0.92, SEE =
0.38 cm) and short-axis/long-axis end-diastolic dimension
ratio, which did not vary with age or body surface area.
Because the increase in end-diastolic wall thickness with age
was proportional to the increase in short-axis end-diastolic
dimension, there was no significant change in the wall
thickness/short-axis dimension ratio at end-diastole with
growth. Neither gender nor chloral hydrate administration
had any detectable effect on these relations.
Wall stress. There was a significant age-associated in-
crease in peak systolic and end-systolic meridional stress,
peak systolic and end-systolic circumferential stress, mean
ejection meridional stress and total ejection stress (Fig. 2).
Each of these relations was best described by a power
function equation. In contrast to ventricular size and wall
thickness, which relate more closely to body size (body
surface area) than to age, all stress variables correlated
more closely with age than with body surface area, similar
to the results for blood pressure. For each stress variable,
the correlation coefficient with age was higher than that for
body surface area, although in only two instances were the
correlation coefficients significantly different. In these nor-
mal subjects, all stress indexes correlated closely with each
other (Table 1). In particular, similar to the relation between
long- and short-axis dimension, values for peak and end-
systolic meridional and circumferential wall stress were
closely correlated. The decrease in heart rate with age
balanced the increase in total ejection stress so that no
significant change in total minute stress with age was noted
(Fig. 3). There were no significant gender-related differences
in absolute stress levels at any age or in the relations of the
stress indexes to age. The relation of stress to age was not
different between the subjects with and without chloral
hydrate.
Systolic function, stress-shortening and stress-velocity re-
lations. There was a marked decrease in rate-adjusted mean
velocity of shortening in the first years of life, with relatively
small changes thereafter (Fig. 4A). Fractional shortening
demonstrated a similar pattern, although the magnitude of
change was less (Fig. 4B). Although the decrease in systolic
function was partly due to the increase in afterload (end-
systolic stress), even after adjustment for afterload, the
rate-adjusted mean velocity of shortening and fractional
shortening were elevated in the youngest subjects. There-
fore, there was a marked decrease in the stress-velocity
index during the 1st 4 years of life, with almost no change
thereafter (Fig. 5A). The stress-shortening index followed a
similar pattern although the slope was more gradual (Fig.
5B). The asymptotes and standard deviations for both re-
gressions were not different from 0 ± I. Because the Z
scores were calculated relative to the population distribution
in a completely distinct group of older children and adults
(30), these data indicate that the distribution of results in the
older subjects in this study are indistinguishable from the
previously reported data, providing a measure of the repro-
ducibility of these methods. The decreases in the stress-
velocity and stress-shortening indexes with age were best
described by an exponential decay model (Fig. 5), with an
apparent inflection point for the stress-velocity index be-
tween 2 and 4 years of age.
When the study group was divided into age subgroups of
<I year, I to 2 years, 2 to 3 years and >3 years, the
stress-velocity index was found to be inversely linear for
each subgroup (Table 2). The slope of the relation was
highest in the youngest subjects, decreasing steadily until the
adult value was attained after 3 years of age. Similarly, the
regression elevation was also increased in the younger
subjects and decreased progressively until 3 years of age,
when adult values were found. The stress-shortening index
demonstrated a similar pattern (Table 2), although the
changes were of smaller magnitude.
Discussion
Age-related changes in myocardial mechanics. The pro-
cess of normal growth and development in humans was
found to be associated with several striking alterations in
myocardial mechanics. Ventricular shape did not change
with age because the short-axis/long-axis ratio remained
constant and therefore the relative distribution of stress in
the circumferential and meridional planes did not change
with age. The increase in left ventricular wall thickness with
age was parallel with the increase in dimension despite the
age-related increase in blood pressure. Instead of an increase
in the thickness/dimension ratio (concentric hypertrophy) as
would be anticipated to accompany the increasing pressure
load, no change was noted. As a consequence, wall stress at
all stages of ejection increased with age. The increase in wall
stress conformed well to the exponential growth model (r =
0.75 ± 0.04) with a narrow range of exponential growth rates
(b = 0.32 ± 0.05). There is also an age-related decrease in
systolic ventricular function determined as either the veloc-
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ity or the extent of shortening. Although explained in part by
the increase in afterload, the decrease in both the extent and
the velocity of shortening is greater than can be explained by
the increase in wall stress, indicating a decrease in contrac-
tility with age. These changes occur predominantly and most
rapidly in the 1st 4 years of life. with minimal change
thereafter.
Figure 2. Age-related increase in meridional (m) peak systolic
stress (PSS) (A) and end-systolic stress (ESS) (B); circumferential (c)
peak systolic stress (e) and end-systolic stress (D); and mean meridi-
onal ejection stress (MSS) (E) and total meridional ejection stress
(TSS) (F). In each case, the relation of stress to age was best predicted
by a power function. The nonlinear curve fit (solid line) and 95%
confidence intervals (dashed lines) are shown and the equation, corre-
lation coefficient (r) and SEE are given for each.
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Table 1. Wall Stress Correlations in 256 Subjects
ESSm ESSe PSSm PSSe MSS TSS
ESSm 1.00 0.97 0.65 0.63 0.81 0.82
ESSe 0.97 1.00 0.63 0.65 0.78 0.79
PSSm 0.65 0.63 1.00 0.90 0.90 0.84
PSSe 0.63 0.65 0.90 1.00 0.82 0.81
MSS 0.81 0.78 0.90 0.82 1.00 0.92
TSS 0.82 0.79 0.84 0.81 0.92 1.00
Correlation between meridional and circumferential peak systolic stress
(PSSmand PSSe, respectively), meridional and circumferential end-systolic
stress (ESSmand ESSe' respectively), mean meridional ejection stress (MSS)
and meridional stress-time integral over ejection (TSS).
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Developmental regulation of myocardial trophic response.
Wall thickness increased in proportion to dimension, con-
firming prior observations (18,19,34,43) that mass/volume
ratio is invariate with normal growth. The normal wall
thickness relative to chamber dimension that was found in
infants and young children, despite the reduced blood pres-
Figure 3. The decrease in heart rate (HR) with age (A) offsets the
increase in total ejection stress, resulting in no significant change in
total minute meridional ejection stress (TMS) with age (B). The
regression line. confidence intervals, regression equation, r value
and SEE are shown in A.
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Figure 4. Age-related change in the rate-adjusted velocity of short-
ening (VCFc) (A) and fractional shortening (FS) (B). For each
regression, the regression line, confidence intervals, exponential
decay equation, r value and SEE are shown. circ/sec = circumfer-
ences per second.
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sure characteristic of this age group, appears to indicate an
enhanced trophic response in infants and children early in
life compared with that of older children and adults. Control
of the cardiac trophic response is generally believed to
function as a servo mechanism, with wall stress and strain as
the feedback variable (44). When there is a sustained alter-
ation in the work load imposed on the ventricle, the altered
systolic force or tension generated by the myocardial fibers
elicits myocardial hypertrophy or atrophy until the load per
fiber is again returned to the normal range. The trophic
response is an intrinsic property of myocardium that can
occur even without neural or hormonal mediation (44). Thus,
wall stress and, in particular, peak systolic wall stress are
considered to be the major determinants of concentric atro-
phy and hypertrophy (7,23,24,36,45-48). This is a dynamic
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r =0.58
-6.0
hypertrophic response is enhanced or impaired. Because the
increase in hemodynamic load during normal growth and
development is gradual, the age-related increase in wall
stress observed in our study indicates that if wall stress is in
fact the control mechanism for compensatory hypertrophy,
then the "set point" of the hypertrophic response is devel-
opmentally regulated.
The age-related decrease in myocardial trophic response
has also been observed in humans and animals with patho-
logic hypertrophy. Adults with heart disease have been
noted to have a diminished hypertrophic response compared
with children with a similar hemodynamic load (21). When
developing, mature and aging animals are compared, there
appears to be an age-dependent diminution in the capacity of
the myocardium to hypertrophy in response to a pressure
load (6,7,13). Although the reasons are unclear, a capacity
for hyperplasia that is present early in life but is subse-
quently lost (6-10) could potentially contribute to age-
related differences in trophic response. Because the mature
myocardium responds to a hemodynamic load with hyper-
trophy alone, whereas the immature myocardium may retain
the capacity for new cell formation, the increased wall
thickness relative to the imposed load that is seen in infants
may imply that, for any given stimulus, the magnitude of the
combined hyperplastic and hypertrophic response is higher
than that of the hypertrophic response alone. Whether or not
the human myocardium has the capacity for hyperplasia at
birth, and if so how long it lasts, is unclear at present (50).
However, even if this mechanism is active in human myo-
cardium. it would not fully explain the enhanced trophic
response because the capacity for hyperplasia persists at
most for a short period of time after birth, whereas reduced
wall stress persists for several years after birth. Alterna-
tively, although the increase in myocardial mass relative to
load could be due to a reduced myofiber content in immature
myocardium, the percent of myocardium occupied by myo-
fibers is constant from birth to maturity (51-53).
Implications of the age·related increase in wall stress. In
addition to regulation of hypertrophy, wall stress is a major
factor in determining both systolic function and myocardial
oxygen consumption. As would be expected, the normal
age-related increase in afterload is associated with a second-
ary reduction in systolic function that occurred most rapidly
in the 1st 2 years of life. Although fractional shortening has
20.0
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Figure 5. Age-related change in the stress-velocity index (SVI) (A)
and stress-shortening index (SSI) (B). For each regression, the
regression line, confidence intervals, exponential decay equation,
r value and SEE are shown.
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phenomenon, particularly in the young child, in whom
compensatory hypertrophy can occur rapidly, attaining a
plateau within 1week after imposition of acute left ventric-
ular outflow obstruction (49). Because of the rapidity with
which compensation occurs, altered levels of peak wall
stress are anticipated only if the hemodynamic load was
recently changed in a sustained fashion and compensatory
atrophy or hypertrophy has not yet taken place or if the
SEE - 1.12
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Table 2. Contractility Indexes Versus Age in 256 Subjects
Age Group
(yr)
Regression Equations
Stress-Velocity Stress-Shortening
0-1
1-2
2-3
>3
VCFc = -O.OO72CESSm) + 1.45
VCFc = -0.OO57(ESSm) + 1.34
VCFc = -0.0046(ESSm) + 1.28
VCFc = -0.0042(ESSm) + 1.24
FS = -0.24(ESSm) + 46
FS = -O.2HESSm) + 45
FS = -O.20(ESSm) +43
FS = -O.19(ESSml +43
Regression equations for the inversely linear relations between meridional end-systolic stress (ESSm) versus the
velocity of circumferential fiber shortening (VCFc) and fractional shortening (FS) in age subgroups.
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been previously reported (54) to not change with age, many
studies (18-20) have not included children <2 years of age.
However, in two large studies (55,56) that did include this
age group fractional shortening did not vary with age. There
are technical differences that may account for the difference
from the present study. The earlier studies were performed
before the availability of two-dimensional echocardiography
and, perhaps more important, end-diastolic dimension was
determined at the onset of the QRS complex. The use of
maximal dimension on digitized echocardiograms for the
diastolic value (as in the current study) results in larger
dimension change, an effect that is most pronounced at the
higher heart rates in infants and very young children. Prior
reports (56) have invariably noted a decrease in mean
velocity of shortening with age, although the influence of
heart rate, afterload and contractility has not previously
been fully distinguished.
In contrast to systolic function (which is determined
primarily by end-systolic stress [23,24,30]) and myocardial
trophic response (which appears to be determined primarily
by peak stress [23]), myocardial oxygen consumption corre-
lates most closely with the stress-time integral (57-61).
Thus, the age-dependent increase in the stress-time integral
observed in these subjects would predict that the myocardial
oxygen consumption per unit of myocardium for each car-
diac cycle increases with age. This effect was balanced by
the decrease in heart rate with age, resulting in no change in
the total systolic stress developed per minute and predicting
that the stress-related myocardial oxygen consumption per
unit of myocardium per minute does not change with age.
Developmental modulation of contractile state. Prior work
in humans has generally been limited to reports on ejection
indexes of systolic function, such as fractional shortening
and mean velocity of shortening, that are incapable of
distinguishing the effects of loading condition from altered
contractility. Two prior reports (18,19) that employed meth-
ods similar to those used in our study included no subjects
<2 years of age, the age range during which we observed a
decrease in contractility. The data in animals are variable,
depending on the species and study methodology. The
force-velocity relation decreased progressively with growth
and development in rats (14), but this species manifests
striking changes in myocardial molecular composition that
do not appear to occur in humans (62,63). In several species
(rabbit [15], dog [51,64], cat [65]), fetal and newborn myo-
cardium has less force-generating capacity than that in the
mature animal, a finding that could indicate a lower contrac-
tile state. In contrast, the first derivative of left ventricular
pressure (dP/dt) is higher in newborn than in adult sheep
(66-68) and the end-systolic stress-volume index is also
increased in this species (17), indicating an age-related
decrease in contractility. Although this may represent a
species-dependent difference, Suga et al. (69) reported that
the isovolumetric end-systolic pressure-volume relation is
curvilinear in puppies, with the lower portion of the curve
having a higher slope than that in the adult and the upper
portion of the curve having a lower slope. Thus, the com-
parative peak force-generating capacity would be dependent
on the position on the pressure-volume curve that was
sampled. It is not known if curvilinearity of the end-systolic
pressure-volume relation is typical of other neonatal animals
with the exception of the newborn lamb, in which it is
relatively linear (70).
The effect ofthe transitional circulation is also important
to these findings. Because of the distortion of left ventricular
geometry in the newborn (33), subjects <7 days old were
excluded from the current investigation. Several studies
(16,71-73) in animals have shown an acute increase in
contractility during the first days of postnatal life to levels
above that of the normal adult. Thus, newborn lambs expe-
rience a marked increase in contractility (measured as Vmax'
the maximal velocity of muscle shortening at zero load) over
the 1st 3 days of extrauterine life to levels well above the
normal adult contractile state, with a gradual decrease to
adult levels thereafter (16). Serial studies (7) during the 1st 4
weeks of life in lambs showed a progressive decrease in the
slope of the end-systolic stress-volume relation, indicating
an age-related progressive reduction in contractility. Thus,
animal studies that included serial assessment after the early
newborn period have documented a progressive decrease in
contractility similar to the results in the current study in
humans.
Circumferential versus meridional wall stress as an index of
myocardial afterload. End-systolic stress was employed as
the index of afterload throughout this analysis because it
represents a measure of the force that resists myocardial
shortening (23,24,30). Although impedance to ejection rep-
resents ventricular after/oad, shortening at the fiber level is
determined by local forces, which result from the interplay
of arterial impedance, outflow resistance and ventricular
geometry. Meridional wall stress is commonly employed as
a measure of myocardial afterload, even though circumfer-
ential wall stress is the force that directly resists circumfer-
ential fiber shortening. The reasons for this approximation
are illustrated in this study. Circumferential stress could not
be obtained in a significant number of subjects, despite the
generally excellent acoustic windows available in this age
group. In addition. circumferential stress was found to
display substantially more variance than the meridional
measurement. These findings can be attributed to the tech-
nical advantages inherent in the determination of meridional
wall stress. Calculation of circumferential stress requires
measurement of both major and minor axes of the prolate
ellipsoid. Measurement of the long-axis dimension is more
difficult for several reasons: I) the endocardium can gener-
ally be identified more reliably from short- than from long-
axis images, as indicated by the 33% of subjects in whom the
long-axis dimension could not be obtained; 2) the spatial
resolution of hard copy M-mode tracings is superior to the
250- to 300-line resolution of video images; and 3) the time
resolution of M-mode tracings is vastly superior (>3,000%)
than for two-dimensional echocardiograms, a factor of im-
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portance in the presence of the faster heart rates in infants in
whom all of systole may be encompassed in five video
frames.
Regardless of the technical advantages, the use of merid-
ional stress as an index of afterload for adjusting circumfer-
ential fiber shortening and shortening velocity can be justi-
fied only if meridional stress provides a reasonable estimate
of circumferential stress. In general, values for circumferen-
tial and meridional stress are closely correlated, although
some patients with ventricular dilation may experience dif-
ferential changes in the two orthogonal stress variables
(74-77). As previously noted by other investigators
(19,77,78), the close correlation between circumferential and
meridional stress levels was found to be constant from
infancy to adulthood, with no change in the long-axis/short-
axis stress ratio during maturation, and the pattern of
developmentally related change in wall stress was similar
whether meridional or circumferential stress was consid-
ered.
Methodologic considerations. The potential limitations of
this methodology have been previously discussed (26,30).
The use of single-plane measurements to represent global
parameters assumes the absence of regional wall motion
abnormalities. In addition to the documentation of normal
wall motion on two-dimensional echocardiography, there is
no reason to anticipate a significant incidence of regional
dysfunction in this group of subjects. The use of ventricular
dimension to calculate fractional shortening, velocity of
shortening and wall stress (both circumferential and merid-
ional) is also based on the assumption of a circular short-axis
configuration of the left ventricle (36,37). Neonates up to 3to
5 days of age have a high incidence of abnormal left
ventricular shape (33), invalidating these calculations in this
age group. Therefore, subjects <7 days of age were specif-
ically excluded and the presence of a circular short-axis
configuration was confirmed on two-dimensional echocar-
diography in all subjects,
The potential for artifactual distortion of the wall stress
or velocity calculations in small ventricles should be consid-
ered. The wall stress calculation provides an estimate of
force per unit of myocardium and is inherently dependent on
chamber geometry but normalizes for differences in absolute
size. Similarly, the fractional shortening and rate-adjusted
mean velocity of shortening calculations provide estimates
of fiber strain and strain rate that normalize for differences in
absolute dimensions. Because chamber geometry and rela-
tive wall thickness to radius of curvature ratio were found to
be invariant with growth, the change in absolute size should
not affect the validity of the calculations. Numerous meth-
ods for calculating circumferential and meridional wall stress
have been employed (36,37,79-83) and uncertainty persists
as to the superiority of one formula over another because of
problems in the direct measurement of wall stress (79-81).
Nevertheless, the various formulas yield results that are
qualitatively similar despite quantitative differences (81) and
therefore the exact model chosen should not distort the
current analysis.
The sensitivity ofthese indexes ofcontractility to changes
in basal contractile state has been previously documented
(23-28,38,84-88). Autonomic changes during data collection
could result in artifactual elevation of contractile state if
substantial sympathetic stimulation occurred. However, the
highest levels of inotropy were observed in the subjects <2
years of age, most of whom were sedated and sleeping
during the period of data collection and therefore were the
least likely to exhibit excess sympathetic activity. The agent
used for sedation (chloral hydrate) had no detectable effect
on the results, with no difference between sedated and
nonsedated children <3 years of age. Chloral hydrate is
believed to cause myocardial depression at lethal levels (89),
but it is not known to alter contractility or vascular tone at
doses used for sedation, and the observed changes in after-
load and contractility followed a smooth age-dependent
curve rather than demonstrating an abrupt difference be-
tween sedated and nonsedated subjects.
Definition of the normal age-related changes in myocar-
dial mechanics is obviously dependent on the selection of an
appropriate normal reference group. The selection criteria
included the absence of factors known to influence cardiac
growth and function (cardiac or systemic disease, hyperten-
sion. disorders of somatic growth and height and weight
abnormalities). The potential for gender-related differences
was also examined. As a result of the noninvasive nature of
the study, we did not specifically exclude the possibility of
certain disorders that may affect the cardiovascular system
and are known to demonstrate an age-associated change in
prevalence (for example, anemia), but we believe that this
group should be generally representative of the various age
groups examined. The data were not examined for racial
differences because of incomplete availability of this infor-
mation and inadequate representation of non-Caucasian sub-
groups.
Conclusions. There are significant age-dependent alter-
ations in myocardial mechanics manifested by a progressive
increase in afterload and a reduction in both systolic function
and contractility during normal growth and maturation. The
period of most rapid change is during the 1st 4 years of life,
with little change thereafter. It is not currently known
whether this elevated contractile state persists in the pres-
ence of pathologic hypertrophy or if the capacity to adapt to
hemodynamic overload is enhanced. An enhanced trophic
response characteristic of this age group appears to play an
important role in the cardiac response to certain hemody-
namic abnormalities and may render the neonatal and infant
heart more capable of coping with abnormal systolic loads.
References
I. Nakanishi T, Seguchi M, Takao A. Development of the myocardial
contractile system. Experientia 1988;44:936-44.
2. Mahdavi V, Izumo S, Nadal-Ginard B. Developmental and hormonal
628 COLAN ET AL.
GROWTH AND MYOCARDIAL MECHANICS
lACC Vol. 19, No.3
March I, 1992:619-29
regulation of sarcomeric myosin heavy chain gene family. Circ Res
1987;60:804-14.
3. Mahdavi V, Lompre AM, Chambers AP, Nadal-Ginard B. Cardiac
myosin heavy chain isozymic transitions during development and under
pathological conditions are regulated at the level of mRNA availability.
Eur Heart J 1984;5: 181-91.
4. Lompre AM, Nadal-Ginard B, Mahdavi V. Expression of the cardiac
ventricular alpha- and beta-myosin heavy chain genes is developmentally
and hormonally regulated. J Bioi Chern 1984;259:6437-46.
5. Tsuchimochi H, Kuro OM, Takaku F, et al. Expression of myosin
isozymes during the developmental stage and their redistribution induced
by pressure overload. Jpn Circ J 1986;50: 1044-52.
6. Oparil S, Bishop SP, Clubb FJ Jr. Myocardial cell hypertrophy or
hyperplasia. Hypertension 1984;6(suppl III):III-38-43.
7. Oparil S. Pathogenesis of ventricular hypertrophy. J Am Coli Cardiol
1985;5:57B-65B.
8. Olivetti G, Ricci R, Anversa P. Hyperplasia of myocyte nuclei in
long-term cardiac hypertrophy in rats. J Clin Invest 1987;80:1818-21.
9. Clubb FJ Jr, Bell PD, Kriseman JD, Bishop SP. Myocardial cell growth
and blood pressure development in neonatal spontaneously hypertensive
rats. Lab Invest 1987;56: 189-97.
10. Engelmann GL, Vitullo JC, Gerrity RG. Age-related changes in ploidy
levels and biochemical parameters in cardiac myocytes isolated from
spontaneously hypertensive rats. Circ Res 1986;58:137-47.
11. Zak R. Development and proliferative capacity of cardiac muscle cells.
Circ Res 1974;34(suppl 11):11-17-26.
12. Isoyama S, Grossman W, Wei JY. Effect of age on myocardial adaptation
to volume overload in the rat. J Clin Invest 1988;81:1850-7.
13. Isoyama S, Wei JY, Izumo S, Fort P, Schoen FJ, Grossman W. Effect of
age on the development of cardiac hypertrophy produced by aortic
constriction in the rat. Circ Res 1987;61:337-45.
14. Anversa P, Capasso JM. Loss of intermediate-sized coronary arteries and
capillary proliferation after left ventricular failure in rats. Am J Physiol
1991 ;260:HI552-60.
15. Nakanishi T, Jarmakani JM. Developmental changes in myocardial me-
chanical function and subcellular organelles. Am J Physiol 1984;246:
H615-25.
16. Riemenschneider TA, Brenner RA, Mason DT. Maturational changes in
myocardial contractile state of newborn lambs. Pediatr Res 1981 ;15:349-
56.
17. Teitel DF, Sidi D, Chin T, Brett C, Heymann MA, Rudolph AM.
Developmental changes in myocardial contractile reserve in the lamb.
Pediatr Res 1985;19:948-55.
18. Sano T, Ogawa M, Taniguchi K. et al. Angiographic assessment of left
ventricular volume, afterload and contractile state in normal children. Am
J Cardiol 1990;65: 1021-5.
19. Franklin RCG, Wyse RKH, Graham TP, Gooch VM, Deanfield JE.
Normal values for noninvasive estimation of left ventricular contractile
state and after10ad in children. Am J Cardiol 1990;65:505-10.
20. St John Sutton MG, Marier DL, Oldershaw PJ, Sacchetti R, Gibson DG.
Effect of age related changes in chamber size, wall thickness, and heart
rate on left ventricular function in normal children. Br Heart J 1982;48:
342-51.
21. Assey ME, Wisenbaugh T, Spann JF Jr, Gillette PC, Carabello BA.
Unexpected persistence into adulthood of low wall stress in patients with
congenital aortic stenosis: is there a fundamental difference in the
hypertrophic response to a pressure overload present from birth? Circu-
lation 1987;75:973-9.
22. Dorn GW II, Donner R, Assey ME, Spann JF Jr, Wiles HB, Carabello
BA. Alterations in left ventricular geometry, wall stress, and ejection
performance after correction of congenital aortic stenosis. Circulation
1988;78:1358-64.
23. Borow KM, Colan SD, Neumann A. Altered left ventricular mechanics in
patients with valvular aortic stenosis and coarctation of the aorta: effects
on systolic performance and late outcome. Circulation 1985;72:515-22.
24. Colan SD, Sanders SP, Borow KM. Physiologic hypertrophy: effects on
left ventricular systolic mechanics in athletes. J Am Coli Cardiol 1987;9:
776-83.
25. Colan SD, Sanders SP, Ingelfinger JR, Harmon W. Left ventricular
mechanics and contractile state in children and young adults with end-
stage renal disease: effect of dialysis and renal transplantation. J Am Coli
CardioI1987;10:1085-94.
26. Colan SD, Trowitzsch E, Wernovsky G, Sholler GF, Sanders SP,
Castaneda AR. Myocardial performance after arterial switch operation
for transposition of the great arteries with intact ventricular septum.
Circulation 1988;78:132-41.
27. Graham TP Jr, Franklin RCG, Wyse RKH, Gooch V, Deanfield JE. Left
ventricular wall stress and contractile function in childhood: normal
values and comparison of Fontan repair versus palliation only in patients
with tricuspid atresia. Circulation 1986;74(suppl 1):1-61-9.
28. Graham TP Jr, Franklin RC, Wyse RK, Gooch V, Deanfield JE. Left
ventricular wall stress and contractile function in transposition of the
great arteries after the Rastelli operation. J Thorac Cardiovasc Surg
1987;93:775-84.
29. Gifford RW, Kirkendall W, O'Connor DT, Weidman W. Office evaluation
of hypertension: a statement for the health professionals by a writing
group of the Council for High Blood Pressure Research, American Heart
Association. Circulation 1989;79:721-31.
30. Colan SD, Borow KM, Neumann A. Left ventricular end-systolic wall
stress-velocity of fiber shortening relation: a load-independent index of
myocardial contractility. J Am Coli Cardiol 1984;4:715-24.
31. Colan SD, Borow KM, Neumann A. Use of the calibrated carotid pulse
tracing for calculation of left ventricular pressure and wall stress through-
out ejection. Am Heart J 1985;109:1306-10.
32. Colan SD, Borow KM, MacPherson D, Sanders SP. Use of the indirect
axillary pulse tracing for noninvasive determination of ejection time,
upstroke time, and left ventricular wall stress throughout ejection in
infants and young children. Am J Cardiol 1984;53: 1154-8.
33. Rein AJJT, Sanders SP, Colan SD, Parness lA, Epstein M. Left ventric-
ular mechanics in the normal newborn. Circulation 1987;76: 1029-36.
34. Rein AJ, Colan SD, Parness lA, Sanders SP. Regional and global left
ventricular function in infants with anomalous origin of the left coronary
artery from the pulmonary trunk: preoperative and postoperative assess-
ment. Circulation 1987;75: 115-23.
35. Colan SD, Fujii A, Borow KM, MacPherson D, Sanders SP. Noninvasive
determination of systolic. diastolic and end-systolic blood pressure in
neonates, infants and young children: comparison with central aortic
pressure measurements. Am J Cardiol 1983;52:867-70.
36. Grossman W. Jones D, McLaurin LP. Wall stress and patterns of
hypertrophy in the human left ventricle. J Clin Invest 1975;56:56-64.
37. Mirsky I. Review of various theories for evaluation ofleft ventricular wall
stresses. In: Mirsky I, Chiston DN, Sander J, eds. Cardiac Mechanics:
Physiological, Chemical and Mathematical Considerations. New York:
Wiley, 1974:381-409.
38. Segar DS. Moran M, Ryan T, Johnson JK. Johnson MD. End-systolic
regional wall stress-length and stress-shortening relations in an experi-
mental model of normal, ischemic and reperfused myocardium. J Am Coli
Cardioll99I;17:1651-60.
39. Zar JH. Biostatistical Analysis. 2nd ed. Englewood Cliffs, NJ: Prentice-
Hall, 1974:363-5.
40. Pearlman JD, Triulzi MO. King ME, Newell J, Weyman AE. Limits of
normal left ventricular dimensions in growth and development: analysis of
dimensions and variance in the two-dimensional echocardiograms of 268
normal healthy subjects. J Am Coli CardioI1988;12:1432-41.
41. Marquardt DW. An algorithm for least-squares estimation of nonlinear
parameters. J Soc Ind Appl Math 1963;11:431-41.
42. Zar JH. In Ref 39: 292-305.
43. Onnasch DG, Lange PE, Heintzen PH. Left ventricular muscle volume in
children and young adults. Pediatr CardioI1984;5:101-6.
44. Cooper G, Kent RL, Mann DL. Load induction of cardiac hypertrophy.
J Mol Cell Cardiol1989;2l(suppl V): 11-30.
45. Sasayama S, Ross J, Franklin D, Bloor C, Bishop S, Dilley RB.
Adaptations of the left ventricle to chronic pressure overload. Circ Res
1976;38: 172-8.
46. Gould KL. Lipscomb K, Hamilton GW. Kennedy JW. Relation of left
ventricular shape, function, and wall stress in man. Am J Cardiol
1974;34:627-34.
47. Grossman W, Carabello BA. Gunther S, Fifer MA. Ventricular wall stress
and the development of cardiac hypertrophy and failure. In: Albert NR,
ed. Perspectives in Cardiovascular Research: Myocardial Hypertrophy
and Failure. New York: Raven, 1983:1-18.
48. Dodge HT, Stewart DK, Frimer M. Implications of shape, stress, and
wall dynamics in clinical heart disease. In: Fishman AP, ed. Heart
Failure. Washington, DC: Hemisphere, 1978:43-54.
JACC Vol. 19, No.3
March I, 1992:619-29
COLAN ET AL.
GROWTH AND MYOCARDIAL MECHANICS
629
49. Jonas RA, Giglia TM, Sanders SP, et al. Rapid, two-stage arterial switch
for transposition of the great arteries and intact ventricular septum
beyond the neonatal period. Circulation 1989;80(suppl 1):1-203-8.
50. Shozawa T, Okada E, Kawamura K, Sageshima M, Masuda H. Devel-
opment of binucleated myocytes in normal and hypertrophied human
hearts. Am J Cardiovasc Pathol 1989;3:27-36.
51. Urthaler F, Walker AA, Kawamura K, Hefner LL, James TN. Canine
atrial and ventricular muscle mechanics studied as a function of age. Circ
Res 1978;42:703-13.
52. Legato MJ. Cellular mechanisms of normal growth in the mammalian
heart. II. Aquantitative and qualitative comparison between the right and
left ventricular myocytes in the dog from birth to five months of age. Circ
Res 1979;44:263-79.
53. Legato MJ. Cellular mechanisms of normal growth in the mammalian
heart. 1. Qualitative and quantitative features of ventricular architecture
in the dog from birth to five months of age. Circ Res 1979;44:250-62.
54. Gutgesell HP. Echocardiographic assessment of cardiac function in
infants and children. J Am Coli CardioI1985;5:95S-103S.
55. Henry WL, Gardin JM, Ware JH. Echocardiographic measurements in
normal subjects from infancy to old age. Circulation 1980;62:1054-61.
56. Gutgesell HP, Paquet M, Duff DF, McNamara DG. Evaluation of left
ventricular size and function by echocardiography: results in normal
children. Circulation 1977;56:457-62.
57. Laskey WK, Reichek N, St John Sutton M, Untereker WJ, Hirshfeld JW.
Matching of myocardial oxygen consumption to mechanical load in
human left ventricular hypertrophy and dysfunction. J Am Coli Cardiol
1984;3:291-300.
58. Weber KT, Janicki JS. Myocardial oxygen consumption: the role of wall
force and shortening. Am J PhysioI1977;233:H421-77.
59. Strauer BE. Myocardial oxygen consumption in chronic heart disease:
role of wall stress, hypertrophy, and coronary reserve. Am J Cardiol
1979;44:730-40.
60. Suga H, Goto Y, Nozawa T, Yasumura Y, Futaki S, Tanaka N.
Force-time integral decreases with ejection despite constant oxygen
consumption and pressure-volume area in dog left ventricle. Circ Res
1987;60:797-803.
61. Hasenfuss G, Holubarsch C, Heiss HW, et al. Myocardial energetics in
patients with dilated cardiomyopathy: influence of nitroprusside and
enoximone. Circulation 1989;80:51-64.
62. Bober E, Buchberger Seidl A, Braun T, Singh S, Goedde HW, Arnold
HH. Identification ofthree developmentally controlled isoforms of human
myosin heavy chains. Eur J Biochem 1990;189:55-65.
63. Feghali R, Leinwand LA. Molecular genetic characterization of a devel-
opmentally regulated human perinatal myosin heavy chain. J Cell BioI
1989;108:1791-7.
64. Park IS, Michael LH, Driscoll OJ. Comparative response of the devel-
oping canine myocardium to inotropic agents. Am J Physiol 1982;242:
H13-8.
65. Davies P, Dewar J, Tynan M, Ward R. Post-natal developmental changes
in the length-tension relationship of cat papillary muscles. J Physiol
(Lond) 1975;253:95-102.
66. Berman W, Christensen D. Effects of acute preload and afterload stress
on myocardial function in newborn and adult sheep. Bioi Neonate
1983;43:61-6.
67. Berman W, Musselman J. Myocardial performance in the newborn lamb.
Am J Physiol 1979;237:H66-70.
68. Fisher OJ, Gross DM. The effect of atrial pacing-induced tachycardia on
left ventricular contractile function in conscious newborn and adult
sheep. Pediatr Res 1983;17:651-6.
69. Suga H, Yamada 0, Goto Y, Igarashi Y. Peak isovolumic pressure-
volume relation of puppy ventricle. Am J Physiol 1986;250:HI67-72.
70. Teitel DF, Klautz R, Steendijk P, Van der Velde ET, Van Bel F, Baan J.
The end-systolic pressure-volume relationship in the newborn lamb:
effects of loading and inotropic interventions. Pediatr Res 1991 ;29:473-
82.
71. Fisher OJ. Left ventricular oxygen consumption and function in hypox-
emia in conscious lambs. Am J Physiol 1983;244:664-71.
72. Park MK, Sheridan PH, Morgan WW, Beck N. Comparative inotropic
response of newborn and adult rabbit papillary muscles to isoproterenol
and calcium. Dev Pharmacol Ther 1980;1:70-82.
73. Anderson PA, Glick KL, Manring A, Crenshaw C Jr. Developmental
changes in cardiac contractility in fetal and postnatal sheep: in vitro and
in vivo. Am J Physiol 1984;247:H371-9.
74. Douglas PS, Morrow R, loti A, Reichek N. Left ventricular shape,
afterload and survival in idiopathic dilated cardiomyopathy. J Am Coli
CardioI1989;13:311-5.
75. Borow KM, Lang RM, Neumann A, Carroll 10, Rajfer SI. Physiologic
mechanisms governing hemodynamic responses to positive inotropic
therapy in patients with dilated cardiomyopathy. Circulation 1988;77:625-
37.
76. Douglas PS, Reichek N, Hackney K, Ioli A, St John Sutton M. Contri-
bution of afterload, hypertrophy, and geometry to left ventricular ejection
fraction in aortic valve stenosis, pure aortic regurgitation and idiopathic
dilated cardiomyopathy. Am J CardioI1987;59:1398-404.
77. Regen DM, Graham TP, Wyse RKH, Deanfield J, Franklin RCG. Left
ventricular cavity dimensions in children with normal and dilated hearts.
Pediatr Cardiol 1988;9: 17-24.
78. Spotnitz WD, Spotnitz HM, Truccone NJ, et al. Relation of ultrastructure
and function: sarcomere dimensions, pressure-volume curves, and geom-
etry of the intact left ventricle of the immature canine heart. Circ Res
1979;44:679-91.
79. Yin FCP. Ventricular wall stress. Circ Res 1981;49:830-42.
80. Huisman RM, Elzinga G, WesterhofN, Sipkema P. Measurement of left
ventricular wall stress. Cardiovasc Res 1980;14:142-53.
81. Huisman RM, Sipkema P, Westerhof N, Elzinga G. Comparison of
models used to calculate left ventricular wall force. Med Bioi Eng Comput
1980;18: 133-44.
82. Mirsky 1. Left ventricular stress in the intact human heart. Biophys J
1969;9: 189-99.
83. Moriarity TF. The law of Laplace: its limitations as a relation for diastolic
pressure, volume, or wall stress of the left ventricle. Circ Res 1980;46:
321-31.
84. Rajfer SI, Borow KM, Lang RM, Neumann A, Carroll 10. Effects of
dopamine on left ventricular afterload and contractile state in heart
failure: relation to the activation of beta,-adrenoceptors and dopamine
receptors. J Am Coli CardioI1988;12:498-506.
85. Lang RM, Borow KM, Neumann A, et al. Role of the beta2 adrenoceptor
in mediating positive inotropic activity in the failing heart and its relation
to the hemodynamic actions of dopexamine hydrochloride. Am J Cardiol
1988;62(suppI5l:46C-52C.
86. Lang RM, Borow KM, Neumann A, Feldman T. Adverse cardiac effects
of acute alcohol ingestion in young adults. Ann Intern Med 1985;102:
742-7.
87. Lang RM, Fellner SK, Neumann A, Bushinsky DA, Borow KM. Left
ventricular contractility varies directly with the blood ionized calcium.
Ann Intern Med 1988;108:524-9.
88. Feldman T, Borow KM, Sarne DH, Neumann A, Lang RM. Myocardial
mechanics in hyperthyroidism: importance of left ventricular loading
conditions, heart rate and contractile state. J Am Coll CardioI1986;7:967-
74.
89. Jastak JT, Pallasch TP. Death after chloral hydrate sedation: report of
case. JADA 1988;116:345-8.
